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Abstract  
The Zayanderoud basin is located in the central plateau of Iran. As a result of population increase and 
agricultural and industrial developments, water demand on this basin has increased extensively. Given 
the importance of reservoir operation in water resource and management studies, the performance of 
fuzzy inference system (FIS) for Zayanderoud reservoir operation is investigated in this paper. The 
model of operation consists of two parts. In the first part, the seasonal river stream-flow is forecasted 
using the fuzzy rule-based system. The southern oscillated index, rain, snow, and discharge are inputs 
of the model and the seasonal river stream-flow its output. In the second part, the operation model is 
constructed. The amount of releases is first optimized by a nonlinear optimization model and then the 
rule curves are extracted using the fuzzy inference system. This model operates on an "if-then" 
principle, where the "if" is a vector of fuzzy permits and "then" is the fuzzy result. The  
reservoir storage capacity, inflow, demand, and year condition factor are used as permits. Monthly 
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release is taken as the consequence. The Zayanderoud basin is investigated as a case study. Different 
performance indices such as reliability, resiliency, and vulnerability are calculated. According to 
results, FIS works more effectively than the traditional reservoir operation methods such as standard 
operation policy (SOP) or linear regression. 
 
Keywords: Fuzzy Inference system, Reservoir Operation, Performance Indices, Southern Oscillated  
 Index, Standard Operation Policy, Linear Regression.
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P$
 �� q�+ #�h ���a������ ��
 ���!- .� �a�E� ,� ]�' E�  

q�+���y��/#B8! ��- �#+ P:2 �' #� 5� ! �
���y��E/#"�E�A
�[��:2 ��#.�����E+, ��!� 5� 5� q�� �' ��g/+  #?ED� ��En+ �C

��!� �' �� ! ��
��[�E� ��!� �- 5E� ��E��+ ���y��E/#E+#��E
.

B8! ���0�2 _p��� �\��3 5� q� �>?� ��!- CnG y�E� #E/�� 
� 5� �g� ���+ P:2 �� ��
�������
 ��'��+ ��!- CnG  P:2 �-

 PEE0 �� =��EE+- ��!��B�EE�EE+ s#��EE
.��!� �EE'=��EE+, #��EE��+ 
\��>� ,� ��� :]�� 6!t P:2 �]�� v��� P:2 P+�
 P:2 !D�E�5
q�� .��y��/#�[E��E' �� �� P:E2 \��E3 5E��4��[ \��E3 5E� 
+#4���.��!- CEnG ��EE>��� #E�>" \�D�DS� ����� 5$/�� 5� 5[�� ��

 ��E/��, 5��Ea�!� \���E��� �a�
 �� �� �!�>"E+ ���9��� P#EE ��E
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]��[.�[�]�� 6!t P:2 �� 5��a�!� �� ?E���#EE,E���=6- 5E� 
]�� q��B+ (SWE)J��E/[ \������ �a�
 ! v��� �#����  E$< �

�[��� 5��a�!� �� P:2D��� q�� 5E�E�� 5E� ���#5E��a�!� PE>" ��
��� 5�?��!.

�,�2 ����" Y=� q�+ �� �y��/#+#, \��E3 5E� ����� E��
�
�� :

�EEE4�SWECEEEh /REEE���+/v��EEE� ���EEED+ ! �EEE�� ��EEE�,
CEEEh/REEE���+/�EEE�� ��EEE�, #EEE��a 5EEE��a�!� ��EEE��[ ��EEE��- �
Ch/Ch/R���+/���,/��� ���, #��a.

� q�+ �a�� ,� _��y��/#B8! ���0�2 �����E/� 5� �� q�� �
�B+ Y�B8! ��//0 �c�+ ����- �#P:2 �' �E����B� E� s��Eh .
��� ���0�2  5, \��3��B� ����
 s���:

)�(
)imax(

YC I
)n,i(IF =

�- �� 5h 
I(i,n)�CnG y�� ��!- P:E2 ��E
 #E/��iq�E� �� 
�n!Imax(i)�
�fh��GCnG P:2 �� ��
 ��'��+ ��!-i
���� .
� ���B+  �+ ��#B8! �����CnG �<�?E	�a �Eg� ,� �� ��!-#�
�- ��#!�� q�+�� ��y��/#��0 !�� ���n'�4- �� 5#B8! ,� ��E' �

+ P:2#��� ����=+�5E+���� 6- o!�a ��� �E��=��E0 .,� ���9�E��
��+�4 v!�  #+X���� �� �W �����=���+ �,�c+ ,� 5/#�
��.

���=%:� �C4��=+ ���+ �� ����E+ �E' �� �E� ,� 6- o!�a ���
��y��/#CnG �!�8 5��'�+ ��!-=��� .� ,��y�� ����� �!�/ #/��

CnG �� #�:2 ��!-���
 P��>� 5��'�+ 5� �.���� ��Eg/+  ��E� E'E=�
c����E#���ECnG 5<� + ��!-E�E� ��Ec+ 5E� =�!�! 5��'� ����E+
����#���" 5E@ ��E+ �' C�� R���+ ��k 5� 50 �
 �c�+ ! 5�2�4

 =�E3��CEEnG ,� �E�� ��EEa P:EE2 ��!- .��EE+ �EE' =��EE� 5EEn��� ��
 � #>��8 5������ 5h �+- ��� ��!- PEh CEnG ,� ��E+ �' ��!- C�� 

��� P:2 �- ��.CEnG �� PE3�G Z���E8 ���E0 6�E8 �E� ��!-
 =,�2 ��>/��� C�?�� ,� P3�G #�:2�CnG E� 5E��'�+ ��!- 5�E��

+#-��.
���� ,� ���9�E�� �� �E'=��<�E� =�� ¥ �E� ��¥� q�E+ ��E	�%� 

y�� #/��,�� ���+���#���" ��� 5�2�4 .P	E
 ����E�� ���D+ E� 5?
CnG �� ��
 ��'��+ ��!-y�� #/�� ��
 E�! 5E��q�E+ 5� ���� ���E� 

��� ��
 .�� ��D� ��
 A>e/+ Ra =!�£¤5E[�� �E+�  E�� �E�X+ 
#+ ��� ���� ��D�"� q�+ 5h y�� �� ��
 ��'��+ =�' ���E0 #/�� �E�� .

�ea ��[! ��� 5� �+������E��� ��ED�  �� ����%' #REa  E�� q�EG 
����� .����Y�� �"� �Ra 5� ��D� ��
 ��q�+ ���#+ �� ����� .

1 Snow Water Equivalent, SWE 

P���
� ��� �� 9D0� �� �
���� 
P�M���� SQP 

,� ���9��� �� ������5+���� q�+ Y#� 
!� 5>��+ =��� #E���K(SQP) 
+ ]��S�� \�B��+ M�%n+ ���0 P"��G ]�' ���� �� !�E[!�a ���#

!� �� �8�D� 5� �>?� ��c+ ,��Be" ��	�#�[�����=E[!�a #���5E/
 5��'�+ P0 ����!� ���'��+ #+ 5>��S+ #��
 .E� q�E+ ]�E' ���E� 5

, \��3���� �.

)�(∑
=

−
N

1t
2)tRtD(Min 

#+ ��, \��3 5� q�+ ���" �/
�� 
)�(tLtRtQtS1tS −−+=+
)£(maxStSminS ≤≤ 
)*(maxRtRminR ≤≤ 

)�(
t

e
o

A)
2

1tStS
(

t
e

a
AtL +++

=

�- �� 5h 
Dtm�!� �� ,��� ����+ t�RtE[!�a ����+ #m�!� �� ��Ec+ ,� t�

Qt��!� �� ��c+ 5� =�!�! ����[ CnG t�LtCnG �E�c>� m�!� �� 
t�et��!� �� ��c>� ��� t�A0����+ CnG ��g� �G�?+ Aa�G�?+ 

! q�B2 de� ��g�St��!� �� ��c+ ���at CnG t#+ �E
�� .��E�"£
!¤�S+ at CnG =�����!�����c+ E[!�a CEnG !#,� 6- ��Ec+ 

#+ ���� �� �/'� .���E�" ���Ec+ CEnG ���!�ES+ Smin!Smax  5E�
����at �fh��G CnG ! P"��G CnG Z�#E+ ��c+ �� �/E
�� .���E�" 

[!�a CnG ���!�S+�#Rmin !Rmax �fh��EG ! P"��EG Z���� 5� 
,� 6- o!�a CnG��c+ #+ �/
�� .=�����!�S+ P"��EG �fh��EG !

CnG���at �?+ 5� 6- o!�a CnG !�q�E�/0 �6- �E�9�h q��/h P
��! P��� �?�, R�S+ !yG! \��G ��c+ ! 5��a�!� �� ����+
+#���
.

.���SQP E+ �E� X��E�<� \�>E��S+ ���E� �W�5E+���� C� �E��=
{�ea�#����� ! 
!� 5>��+ #�R?� ��H�� �'=5E� �>?E� 
!� 5E>��+ 

ea R��!�#���=�D� �{ ����� ��, Z��ea#��� .��E[! �� ��5E	/
 � ����[ 5� v!�  =ea#,�� =�]�' ���� ��D� Y�
!� 5>��+ Z
���=?+�&5#+ ��h 5� �!� � $<"�Eea \��E3 5� ��0�%0 ��#"�E� #
+#�/��+ ]��.[E[!�a CnG 5>��S+ ,� _�#����E���" �5E��'�+ 5E/

���� �����=���� ,� ���9��� �� 5/��?,�2 ��>/��� C=�5���#+��-.

2 Successive Quadratic Programming 
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&%������� �� q�+ ����� 5?��D+ ��
 ��'��+ j�' )ZB$+��+ �����+(

P�e���� ��	$ l	#h��� s����������
� ����J ! 	� �
���� 
� ���5�G�+  �/�>+ q�+ Y#� �� E�,�E2 ��>/�E�� C�?=��E� =�E� 
�,���/ �
 5�a�� �!�.O�+ �! �'��,�2 q�+ ��
 \�+�D+ �=� �� E� 
DS��\��E>� A�E���� ,�:at CEnG E� ��E��� �� ��Ec+ ��=���!� �E' 
�[�� ���y��/#�!�! ��
 =�� ! ��E+ �E' �� �E8�D� ! ��c+ 5� �5En

[!�a CnG �q�+#��+ �' �� ��c+ ,� ���.

�(� ������� �����/�=��E� =�E' E�O�+ ,� Y��E'�=�� N�E2 
P	
£��
 ���� ���� �E�� .,��(E� ���E� ��E�@�Ef�f+ �#��E� =
3����[ s�y�E� 5��'�+ �� ,� ��E
 #E/���¡�E� �¤¡ +��E��E�+ ��

 ! ��+ �' �� ZB	+ ,��(� ���� �/���)Ef�f+ ���E� 5E�#���E� !� !
5EED�,!t �=(��EE�=EE3�� �CEEnG s�EE�at ,� ��EEc+ ��¡¡ �EE� �£�¡ 

+������ ��
 ���9��� ZB	+ ��+ �� .�8�D�=��'�+ =� s��c+ �5� �
�/� �(� ���� �?D� ����� 5� 50 ��
 C��'�E8�D� ]�B+ Z=a�E�#
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, �R���+ �C0 �C0�a ! ����#,���� �� .�E9' 5E� C�?E�� #E[!�a
 �<�G)N�E2 ! ��E�, #��a ����, �R���+ �Ch �Ch #��a ���@�� ���EB<�
���, (��� ��
 C�?D� .E�0 ��Ek 5�#�(E� �E���� y���E2� �E� ����

y���E2� C�?E�� ��E
 �E+-��h�� q�E%�G� �- �E>� 5� !  ����" ���B�
#+ ���� .��2� ���:� ]7a������" y���� ��>�� ����  �%� �#��E
�

� q��/0 �� q7a� Z[�+ ���  	%+ 5	�����E�w�� ! C�? ��E
 �E�
 ��
 5�&?+.���  �����/�  �� ����B� � ����E" ���EB� ! ���(� �����

 ��0 ���"�� #�+�B� ., \��3 5� q�+ �� 5�2� ��0 5� ����" ���a����
+#�
��.

�8�D� �4�Ai,1 ��E�at CEnG �Ai,2 y�E� ! ���E��[ CEnG #E/��
 ��c+ 5� =�!�!Ai,3 #[!�a ����- ���� Bi��� .

���� ,� �'=��<�E� =���© �E� �� © ��E� =!v,�E+- �a�E� 
���� ,� ! q�EE+ �EE'=��<�EE� =��¥¡ �EE� ��¥���EE� =,�� EE���#q�EE+ 

��� ��
 ���9���.

�E�� 5E� 5E� ���a��  �� �� ����"rE�-�� =��<�E� #! #E�- CEh �
#<�%B+ #+ C�?D� #E�-�� =��<�E� �E���" �� 5Eh ���E
���!- CEnG 

EE��y��EE/#�EE
 m�!�! ==��<�EE� �� ! ��EE�at CEEnG ! ��EEc+ 5EE� 
EE+, ���0�EE2 #<�?EE$�a =���EEE�� �EE�%'� ,� ��EE�at CEEEnG ! ��

�������a�� .=��<�� ��#<�%B+ �E���� ����%' ��c+ ,� o!�a ����+
 ���� ��a �G  ���H�� 5� ���at CnG 5$�- ��+ ����8�D� ���D+ ��

 [!�a ����+ �<�G  �� �� 5h#CnG 5� #��?� �E
�� �'��a ��!- .
q!�[ ����c� #q�+  �� ����� ,� ��
 �ht���.

P����nn���J ! 	nn� 
� ��nn���� �nnh� 9��nn��4
 �� ��	*�nn�� 
��
� �
���� 
�	#���� ,� �����
!�  =���E" ��>/��� ���E��  ����E�=��,�Ec+ ,� 

4� v!�E��E�O�+ �/@ ������ �� .� ���DS�  EE� A,�[!�a#�'=

&%�P�q�+ =�'��O�+ ���(� ����� 
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����M������ ����" ���� C�?�� ,� P3�G =�������>/��� 5��%� q�� Y� �� =,�2 )q�+�� q��(

����e����� ����" ����� 5��%� q�� Y� �� �����4� ,� P3�G =�����)q��q�+��(
����  ��0#, sIB #, �	*,
���0 !B	�� 9D0� ��� � ���
� 9	'�� 	|	�, 

)�{����� 9��.��( )�{����� 9��.��( )��� �.��( )L��� ����.��( )�{����� 9��.��( )�{����� 9��.��( )�{����� 9��.��(


��t	$
�	� !�{|� �	� 

204.47 4.31 166.50 36.99 885.16 315.60 168.45 0.58 1 
243.46 6.48 230.00 40.26 991.97 347.00 212.34 0.58 2
221.37 8.89 302.10 42.04 1089.03 243.84 205.86 0.58 3 
185.23 11.73 405.40 41.34 1102.61 140.06 180.14 0.58 4 
160.31 10.88 401.80 38.68 1045.70 62.40 160.28 0.58 5 
122.35 8.19 330.00 35.44 936.91 37.20 116.62 0.58 6 
103.26 4.93 210.10 33.55 843.58 84.10 85.01 0.58 7 
50.00 2.91 125.60 33.08 819.49 47.85 60.71 0.58 8 
55.00 0.00 0.00 32.84 814.43 44.58 45.78 0.58 9 
66.00 0.00 0.00 32.62 804.01 63.20 47.76 0.58 10 
64.00 0.00 0.00 32.59 801.21 64.80 72.59 0.58 11 

127.70 0.00 0.00 19.73 802.01 127.40 104.55 0.58 12 

���� 5/ 5��� ,� ��+- ����q�E+ �SQP E� �� 55E<��B+ ���!- �E��
��4���
 ���9��� �� .+�E%� P	E
#E/@ ��H��EB+  #, A��Ee+ E��
��� :

) (...cDS2bQ2aDcSbQaR 2
t

2
t

2
tt1t1t1t ++++++=

�- �� 5h 
Rt�EE[!�a CEEnG #��EE+, ��!� �� #t�QtCEEnG ��!� �� ��!-

,��+#t�Stat CnG ���E��� �� ��c+ ��=��!� t!Dt+E���� �E8�D� 
��!� ��t+#�
�� .� ���?+  &��E8 5��Za!b!... v!� ,� P"��EG 
� \�B��+ 5+ ���#-��/.��� ��@�{ �%?E" ,� PE3�G �E�Eea �#

���/@ Y%0#��� ��>�� 5� �%� �#�/0�]�3 �- ,� ��4 �g����� �� .
q!�[ ������ �P3�G �� ,� �+ �� v!�  ��� 6- o!�a ��� E� Y

q��)#<�%B+ (��� ��
 ���!- 5��%� ���/� 5�.

P�P���
� ����J ��	'�
� �	"
	�{� �
���� 
���=,�� ���#���� ����" �����=,�2 ��>/��� q�+ =� !��D+ ���- 5?

 � ���q�+ �� ��' ,� B+ �/@���E	�%� ��J, ��E
 5E� E���E
 ���9�E�� �
���:

1 Performance Criteria 

���� ��0#, sIB ��0#, �	*,
� !B	�� 9D0� ��� � ���
� 9	'�� 	|	�,
)�{����� 9��.��( )�{����� 9��.��( )��� �.��( )L�������.��( )�{����� 9��.��( )�{����� 9��.��( )�{����� 9��.��(


��t	$
�	� !�{|� �	� 

168.45 5.24 166.50 44.98 1109.60 329.53 168.45 0.58 1 

212.34 7.95 230.00 49.36 1265.43 337.51 212.34 0.58 2 

205.86 10.93 302.10 51.71 1382.66 245.73 205.86 0.58 3 

180.14 14.53 405.40 51.21 1411.59 134.54 180.14 0.58 4 

160.28 13.63 401.80 48.47 1351.46 63.48 160.28 0.58 5 

116.62 10.47 330.00 45.31 1241.03 40.98 116.62 0.58 6 

85.01 6.44 210.10 43.80 1154.92 83.18 85.01 0.58 7 

60.71 3.82 125.60 43.40 1146.64 47.85 60.71 0.58 8 

45.78 0.00 0.00 43.11 1129.96 44.58 45.78 0.58 9 

47.76 0.00 0.00 43.48 1128.76 71.59 47.76 0.58 10 

72.59 0.00 0.00 43.92 1152.60 76.34 72.59 0.58 11 
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